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Abstract In the past decade, gamma-ray observations
and radio observations put strong constraints on the
parameters of dark matter annihilation. In this arti-
cle, we suggest another robust way to constrain the
parameters of dark matter annihilation. We expect
that the electrons and positrons produced from dark
matter annihilation would scatter with the cosmic mi-
crowave background photons and boost the photon en-
ergy to ∼ keV order. Based on the x-ray data from
the Draco dwarf galaxy, the new constraints for some
of the annihilation channels are generally tighter than
the constraints obtained from 6 years of Fermi Large
Area Telescope (Fermi-LAT) gamma-ray observations
of the Milky Way dwarf spheroidal satellite galaxies.
The lower limits of dark matter mass annihilating via
e+e−, µ+µ−, τ+τ−, gg, uu¯ and bb¯ channels are 40 GeV,
28 GeV, 30 GeV, 57 GeV, 58 GeV and 66 GeV re-
spectively with the canonical thermal relic cross sec-
tion. This method is particularly useful to constrain
dark matter annihilating via e+e−, µ+µ−, gg, uu¯ and
bb¯ channels.
Keywords Dark metter
1 Introduction
In the past few years, gamma-ray observations give
some stringent constraints for annihilating dark matter.
For example, recent studies of the Milky Way dwarf
spheroidal satellite (MW dSphs) galaxies constrained
the annihilation cross section lie below the canonical
thermal relic cross section for dark matter of mass
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m ∼ 10− 100 GeV (Ackermann et al. 2015; Li et al.
2016). These results challenge the dark matter inter-
pretation of the GeV gamma-ray excess observed in the
Galactic center (Daylan et al. 2016; Abazajian et al.
2014; Calore, Cholis & Weniger 2015; Calore et al.
2015; Abazajian & Keeley 2016). Generally speaking,
this is a robust way to constrain dark matter annihi-
lation because it involves direct detection of gamma
rays. However, since some of the annihilation chan-
nels mainly give electrons and positrons (such as e+e−
and µ+µ−) (Cirelli et al. 2012), the gamma-ray con-
straints for these channels are not very stringent. The
lower limits from the data of MW dSphs galaxies only
give m ≥ 10 GeV for e+e− channel and m ≥ 5 GeV for
µ+µ− channel (Ackermann et al. 2015).
Besides gamma-ray observation, radio observation
is another useful way to constrain dark matter an-
nihilation. The high-energy electron-positron pairs
produced from dark matter annihilation would emit
strong synchrotron radiation when there is a strong
magnetic field (Cirelli & Taoso 2016). For exam-
ple, by using the radio observational data obtained in
(Davies, Walsh & Booth 1976) (at 408 MHz from the
inner 4 arcsecond cone around Sgr A*), a very strong
constraint on the dark matter annihilation cross section
can be obtained (Regis & Ullio 2008; Bertone et al.
2009). The annihilation cross section for m ∼ 50
GeV can be constrained to < σv >≤ 10−27 cm3
s−1 (Bertone et al. 2009; Cholis, Hooper & Linden
2015). Furthermore, by using the radio data from
Egorov & Pierpaoli (2013); Gießu¨bel et al. (2013),
the lower limits of dark matter mass can reach ∼ 100
GeV for many annihilation channels (Egorov & Pierpaoli
2013; Chan 2016). However, this method is sensitively
dependent on the magnetic field strength profile, which
usually has large uncertainties (Egorov & Pierpaoli
2013; Gießu¨bel & Beck 2014).
2In this article, we suggest a third robust way
to constrain dark matter annihilation. Since the
electron-positron pairs produced would scatter with
the cosmic microwave background (CMB) photons
via inverse Compton scattering (ICS), these elec-
trons and positrons can boost the photon energy up
to keV order (Colafrancesco, Profumo & Ullio 2007;
Beck & Colafrancesco 2016). By using the x-ray data
from MW dSphs galaxies, we can get a tight constraint
for the annihilation cross section for each annihilation
channel. Since the magnetic field strength for MW
dSphs is 0.1 − 1 µG (Colafrancesco, Profumo & Ullio
2007; Beck & Colafrancesco 2016), ICS is the major
cooling mechanism for the high-energy electron and
positron pairs. Therefore, the only free parameters in
this method are dark matter mass and the annihilation
cross section. In the following analyses, we mainly focus
on six different standard model annihilation channels
(e+e−, µ+µ−, τ+τ−, gg, uu¯ and bb¯) for m = 10 − 100
GeV.
2 ICS of the CMB photons in Draco
Generally speaking, an electron with a Lorentz factor
γ can increase photon energy from E0 to ∼ γ2E0 via
ICS. Since the original energy of the CMB photons
is about 6 × 10−4 eV, a 1 GeV high-energy electron
(γ ∼ 2000) can boost the energy of a CMB photon
to about ∼ 1 keV (the full spectrum of the ICS pho-
tons can be ranging from 0.1-20 keV). Therefore, these
high-energy photons can be detected by x-ray obser-
vations. In particular, dwarf galaxies are the best ob-
jects for this analysis because they are dark matter-
dominated and their magnetic field strengths are weak
B ∼ 0.1−1 µG (Colafrancesco, Profumo & Ullio 2007;
Beck & Colafrancesco 2016). Therefore, the uncer-
tainties in the magnetic field strength can be mini-
mized. In the following, we would use the x-ray data of
the Draco dwarf galaxy to perform the analysis. Also,
for dark matter mass m ≥ 100 GeV, the resulting ICS
photons would be mainly MeV photons. Since the sen-
sitivity of MeV photon detection is not good enough to
constrain dark matter, we will just focus onm = 1−100
GeV.
The energy spectrum dN ′/dE′ of the electrons pro-
duced from dark matter annihilation via different chan-
nels can be obtained in (Cirelli et al. 2012). The num-
ber of CMB photons scattered per second from original
frequency ν0 to new frequency ν via ICS is given by
I(ν) =
3σT c
16γ4
n(ν0)ν
ν20
[
2ν ln
(
ν
4γ2ν0
)
+ ν + 4γ2ν0 −
ν2
2γ2ν0
]
,
(1)
where σT is the Thomson cross section and n(ν0) =
170x2/(ex−1) cm−3 is the number density of the CMB
photons with frequency ν0, where x = hν0/kTCMB.
However, Colafrancesco, Profumo & Ullio (2007) show
that the diffusion of electrons in the Draco dwarf galaxy
might be important so that the resultant ICS signal
is significantly suppressed. In fact, the diffusion coef-
ficient for dwarf galaxies is highly uncertain. Gener-
ally speaking, there are three different types of diffu-
sion models to describe the diffusion processes of high-
energy electrons, namely the Kolmogorov model, the
Kraichnan model and the Boehm model (the random
walk model) (Regis & Ullio 2008). The range of the
diffusion coefficient (1026 − 1028 cm2 s−1) assumed in
Colafrancesco, Profumo & Ullio (2007) is based on the
Kolmogorov model, which is commonly used to model
our Milky Way. However, the effect of turbulence
and irregularities of magnetic field in the Draco dwarf
galaxy is quite different from that in our Milky Way.
As shown in Strong, Moskalenko & Ptuskin (2007);
Regis & Ullio (2008), the diffusion coefficient is given
by D = (1/3)rgve(δB/B)
−2, where rg is the gyroradius
of electrons, ve is the speed of electrons, δB is the mag-
netic field irregularities and B is the mean magnetic
field strength. For our Milky Way, δB/B is very small
(δB ∼ µG and B ≥ 10 µG) so that the electrons do not
‘feel’ the fine structure in the magnetic field but move in
orbits determined by the mean magnetic field which is
much greater in magnitude than the fluctuating com-
ponent (Longair 2011). This would greatly enhance
the diffusion process. However, for the Draco dwarf
galaxies, it does not contain much interstellar medium
so that the effect of turbulence is not large. Even if
there exists some irregularities δB ∼ B ∼ µG, the term
δB/B is of the order 1. As a result, the diffusion coef-
ficient would be close to D ∼ (1/3)rgve, which is best
described by the Boehm model, the random walk model
without any turbulence (Regis & Ullio 2008).
Here, let’s apply the Boehm model to estimate the
diffusion length of the high-energy electrons. For the
magnetic field strength B ∼ 1 µG, the Larmor ra-
dius is rL ∼ 1012 cm. Since the cooling time of a 1
GeV electron is about tc ∼ 1016 s, the stopping dis-
tance of a 1 GeV electron is ds ∼
√
rLctc ∼ 10−3 kpc
(Boehm et al. 2004), which is much shorter than the
core radius of the Draco dwarf galaxy (∼ 10−1 kpc).
That means that the diffusion process is not very im-
portant. Based on this assumption, the electron num-
ber density energy distribution function can be simply
given by (Storm et al. 2013)
dne
dE
(E˜) =
< σv > ρ2
2m2b(E˜)
∫ m
E˜
dN ′
dE′
dE′, (2)
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where ρ is the dark matter density profile, < σv > is the
annihilation cross section and b(E˜) is the cooling rate,
which is given by (Colarfrancesco, Profumo & Ullio
2006)
b(E˜) =
[
0.25E˜2 + 0.0254
(
B
1 µG
)2
E˜2
]
×10−16 GeV/s,
(3)
with E˜ in GeV. Since the thermal electron number den-
sity is low n ∼ 10−6 cm−3 (Colafrancesco, Profumo & Ullio
2007), we neglect the Bremsstrahlung and Coulomb
cooling. If we assume B = 1 µG, the ICS would domi-
nate the cooling process and the resulting cooling rate
is b(E˜) ≈ 0.275× 10−16E˜2 GeV/s.
The total x-ray energy flux in the energy band E1 to
E2 is given by
Φ = 2×< σv > J
8pim2
∫ E2
E1
d(hν)
∫ m
me
Y (E˜)
b(E˜)
dE˜
∫ ∞
0
I(ν)dx,
(4)
where
J =
∫
∆Ω
dΩ
∫
los
ρ2ds (5)
is called the J-factor and
Y (E˜) =
∫ m
E˜
dN ′
dE′
dE′. (6)
The dark matter density profile ρ for Draco can be mod-
eled by
ρ = ρ0
[
1 +
(
r
r0
)1.5]−2.25
, (7)
where ρ0 = 0.65 × 109M⊙ kpc−3 and r0 = 0.28 kpc
(Gilmore et al. 2007; Riemer & Hansen 2009). By in-
cluding the substructure contribution (the boost factor
is 3.43 (Beck & Colafrancesco 2016)), the resulting J-
factor of the core region of Draco is log(J/GeV2 cm−5) =
19.1. Recent empirical fits of kinematic data of Draco
give another set of parameters, which has a smaller core
density but a larger core radius (Burkert 2015). The
density profile assumed is the King profile (King 1966).
The resultant J-factor by using this set of parameters
gives log(J/GeV2 cm−5) ≈ 19.2. Since the dark matter
profile in Eq. (7) gives a smaller J-factor, we will use
it to calculate the predicted flux as it can obtain the
most conservative bounds for annihilating dark matter.
Fig. 1 shows the flux spectrum of the resulting photons.
Most of the photons lie between 0.1− 1 keV, which can
be seen by x-ray observations.
The x-ray energy flux (0.1 − 2.4 keV) of the cen-
tral core part of Draco is Φ < 1.7× 10−14 erg cm−2 s−1
(Zang & Meurs 2001; Colafrancesco, Profumo & Ullio
2007). If we assume that all the x-ray luminos-
ity originates from the ICS of the CMB photons
and use the canonical thermal relic cross section
(Steigman, Dasgupta & Beacom 2012), we can put an
upper limit for each of the annihilation channels. Fig. 2
shows the total x-ray energy fluxes for the six annihi-
lation channels. We can see that all the annihilation
channels are ruled out for m ≤ 28 GeV. In particu-
lar, the most popular model for the dark matter in-
terpretation of the GeV excess (m = 40 − 60 GeV via
bb¯ (Calore et al. 2015; Abazajian & Keeley 2016)) is
also in considerable tension (see table 1).
If we release the annihilation cross section to be a free
parameter, we can get the constraints of the cross sec-
tion against dark matter mass for different annihilation
channels. Fig. 3 shows that our method gets tighter
constraints than the results from Fermi-LAT for the
e+e− and µ+µ− channels (Ackermann et al. 2015). It
also works well for the gg, uu¯ and bb¯ channels. However,
the constraint for the τ+τ− channel is not very strin-
gent because only less than 20% of the energy from dark
matter annihilating via τ+τ− is shared to the electron
and positron pairs (Cirelli et al. 2012). Overall speak-
ing, this method can be regarded as another robust test
to constrain annihilating dark matter parameters.
Note that we have only included the CMB energy
density in our calculations. In fact, there are other ra-
diation fields in the infra-red and visible light bands
which can contribute to the x-ray flux via ICS. There-
fore, our results are conservative bounds because the
upper bound of the observed x-ray energy flux may in-
clude the effect of those non-CMB photons. Neverthe-
less, the contribution of other radiation fields is small
because most of the resulting photons via ICS are in
MeV or above bands. Also, the overall intensity due to
other radiation field is much less than the effect of CMB
photons (see (Colafrancesco, Profumo & Ullio 2007)).
Table 1 Lower limits of dark matter mass for different
annihilation channels. Here, we assume < σv >= 2.2 ×
10−26 cm3 s−1.
Lower limit (GeV)
e+e− 40
µ+µ− 28
τ+τ− 30
gg 57
uu¯ 58
bb¯ 66
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Fig. 1 The resulting photon spectrum. Here, we assume
< σv >= 2.2× 10−26 cm3 s−1.
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Fig. 2 The predicted x-ray flux for the six annihilation
channels (due to ICS of the CMB photons). The dotted line
represents the upper limit of the observed x-ray flux for the
Draco dwarf galaxy. Here, we assume < σv >= 2.2× 10−26
cm3 s−1.
3 Discussion
In this article, we propose another new method to con-
strain the parameters of annihilating dark matter. By
calculating the resulting photon energy spectrum due to
ICS of the CMB photons, we can determine the upper
limits of the annihilation cross sections by x-ray data of
dwarf galaxies. In this analysis, we use the Draco dwarf
galaxy because it has a relatively small uncertainty in
the J-factor estimation (Bonnivard, Maurin & Walker
2016) and it has a better x-ray constraint. This method
can give more stringent constraints on annihilation
cross sections for some of the annihilation channels
compared with the gamma-ray observations, especially
for the e+e− channel, µ+µ− channel, uu¯ channel for
m ≤ 20 GeV and bb¯ channel for m ≤ 40 GeV. Since
the magnetic field strength is small B ∼ 1 µG and the
thermal electron number density is low n ∼ 10−6 cm−3
for dwarf galaxies, the cooling rate is dominated by the
ICS cooling. Hence, this method is particularly good to
apply in dwarf galaxies. Besides, since the CMB pho-
ton density is nearly uniform for all dwarf galaxies, we
do not have any free parameter except the dark matter
mass and the annihilation cross section.
Generally speaking, this method is better than the
analysis of radio data. Although the constraints from
radio data are usually more stringent (Egorov & Pierpaoli
2013; Chan 2016), the systematic uncertainties due to
the magnetic field strength profile are large. Never-
theless, in our method, by using the data from dwarf
galaxies with weak magnetic field strength B ≤ 1
µG, we can obtain good constraints with a small sys-
tematic uncertainty. The only systematic uncertainty
comes from the J-factor, which must exist in this
kind of analyses, including the gamma-ray observations
(Ackermann et al. 2015).
By comparing our results with the recent result
based on cosmic reionization (Liu, Slatyer & Zavala
2016), we get similar upper bound for the e+e−
channel. The upper bound of dark matter mass
for the e+e− channel for the canonical thermal relic
cross section is m ≤ 30 GeV for s-wave annihilation
(Liu, Slatyer & Zavala 2016). Our result (m ≤ 40
GeV) is a bit tighter than this bound.
Based on our analyses, most of the current popular
dark matter models are in considerable tension with
our results. For example, Calore et al. (2015) show
that dark matter annihilating via bb¯ with m = 48.7+6.4
−5.2
GeV and < σv >= 1.75+0.28
−0.26×10−26 cm3 s−1 or gg with
m = 57.5+7.5
−6.5 GeV and < σv >= 2.16
+0.35
−0.32× 10−26 cm3
s−1 can give good explanation for the Galactic center
GeV gamma-ray excess. However, the allowed ranges
become narrower if our results are included, especially
for the bb¯ channel.
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To conclude, this method gives a new research direc-
tion in constraining dark matter annihilation. Future
x-ray observations for dwarf galaxies can definitely give
a better constraint for annihilating dark matter and
verify the existing dark matter models.
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Fig. 3 The upper limits of the annihilation cross sec-
tions for the six annihilation channels. The red solid lines
represent our results. The black solid lines represent the
gamma-ray observations of MW dSphs galaxies with the
NFW density profile (black dotted lines: with J-factor un-
certainties) (Ackermann et al. 2015). Note that the Fermi-
LAT gamma-ray observations in Ackermann et al. (2015)
did not perform the analysis for the gg channel.
6References
Abazajian K. N., Canac N., Horiuchi S., Kaplinghat M.,
2014, Phys. Rev. D 90, 023526.
Abazajian K. N., Keeley R. E., 2016, Phys. Rev. D 93,
083514.
Ackermann M. et al. [Fermi-LAT Collaboration], 2015,
Phys. Rev. Lett. 115, 231301.
Beck G., Colafrancesco S., 2016, J. Cosmol. Astropart.
Phys. 05, 013.
Bertone G., Cirelli M., Strumia A., Taoso M., 2009, J. Cos-
mol. Astropart. Phys. 03, 009.
Boehm C., Hooper D., Silk J., Casse M., Paul J., 2004,
Phys. Rev. Lett. 92, 101301.
Bonnivard V., Maurin D., Walker M. G., 2016, Mon. Not.
R. Astron. Soc. 462, 223.
Borriello E., Cuoco A., Miele G., 2009, Phys. Rev. D 79,
023518.
Burkert A., 2015, Astrophys. J. 808, 158.
Calore F., Cholis I., Weniger C., 2015, J. Cosmol. Astropart.
Phys. 03, 38.
Calore F., Cholis I., McCabe C., Weniger C., 2015, Phys.
Rev. D 91, 063003.
Chan M. H., 2016, Phys. Rev. D 94, 023507.
Cholis I., Hooper D., Linden T., 2015, Phys. Rev. D 91,
083507.
Cirelli M. et al., 2012, J. Cosmol. Astropart. Phys. 10, E01.
Cirelli M., Taoso M., 2016, J. Cosmol. Astropart. Phys. 07,
041.
Colafrancesco S., Profumo S., Ullio P., 2006, Astron. Astro-
phys. 455, 21.
Colafrancesco S., Profumo S., Ullio P., 2007, Phys. Rev. D
75, 023513.
Davies R. D., Walsh D., Booth R. S., 1976, Mon. Not. R.
Astron. Soc. 177, 319.
Daylan T., Finkbeiner D. P., Hooper D., Linden T., Portillo
S. K. N., Rodd N. L., Slatyer T. R., 2016, Physics of the
Dark Universe 12, 1.
Egorov A. E., Pierpaoli E., 2013, Phys. Rev. D 88, 023504.
Gießu¨bel R., Heald G., Beck R., Arshakian T., 2013, Astron.
Astrophys. 559, A27.
Gießu¨bel R., Beck G. R., 2014, Astron. Astrophys. 571, A61.
Gilmore G. et al., 2007, Astrophys. J. 663, 948.
Hooper D., Belikov A. V., Jeltema T. E., Linden T., Pro-
fumo S., Slatyer T. R., 2012, Phys. Rev. D 86, 103003.
King I. R., 1966, Astron. J. 71, 64.
Laha R., Ng K. C. Y., Dasgupta B., Horiuchi S., 2013, Phys.
Rev. D 87, 043516.
Li S. et al., 2016, Phys. Rev. D 93, 043518.
Liu H., Slatyer T. R., Zavala J., 2016, Phys. Rev. D 94,
063507.
Longair M. S., High Energy Astrophysics (Cambridge: Cam-
bridge University Press, 2011).
Regis M., Ullio P., 2008, Phys. Rev. D 78, 043505.
Riemer-Sorensen S., Hansen S. H., arXiv:0901.2569.
Steigman G., Dasgupta B., Beacom J. F., 2012, Phys. Rev.
D 86, 023506.
Storm E., Jeltema T. E., Profumo S., Rudnick L., 2013,
Astrophys. J. 768, 106.
Strong A. W., Moskalenko I. V., Ptuskin V. S., 2007, Ann.
Rev. Nucl. Part. Sci. 57, 285.
Wechakama M., Ascasibar Y., 2014, Mon. Not. R. Astron.
Soc. 439, 566.
Zang Z., Meurs E. J. A., 2001, Astrophys. J. 556, 24.
This manuscript was prepared with the AAS LATEX macros v5.2.
